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Observations of Flux Transfer Events: Are FTEs
Flux Ropes. Islands, or Surface Waves?

R. ¢« LLence

Los Alamos Nauonal Laboratory, §oa Alimos, New Mexiea, 175y

Flux transter events (FTEs) are widely regarded as a0 sitnature of transient magnetie
reconnection between the solar wind and magnetosphene plasmas,  However, there s
disagreenment on what form this reconnection takes: Are F'T'Es teaning islands, or ume-
varving single x-line reconnection. We reexamine the evudence that hest led to the suzges-
tion that FTFs are related to a non-time-stationary reconnection process, In particenlar we
discuns how the combination of field and plasma var:ations suggest that i T'Es are magnetic
flux ropes. Both time-varving sintle x-hine reconnection and multiple x-line merging can
preduce a signature which ‘mimies” that of a flux rope. but without the flux rope topal-
ogy. Finallv. we ieview the evidence that FUEs cannot be merely sutface waves: ther
occurrence during sonthward IMF. maxture of solar wind and magnetoxpheric plasmaas,
leakage of vnergevic particles, accelerated plasima fows and peculiarines of the magneuc
signature all pomnt to a reconnecnon-related phenomenon.

INITRODUC TION

I'he magnetopause 15 the houndary of the teeeestrial magnetosphere: o separates the tereestnal plasma and
maghetic field from those of the solar wind. Consequently the magnetopause is the pritue site for energy transfer
fron: the solar wind to the magnetosphere. It has long been known that geomagnetic acuvity s linked to solar
wind conditions. When the interplanetary magnetic field (IMF) has a southward orientation, opposite to that of
the northward terrestrial magnetic field, there i enhanced energy input from the solar wind te the magnetosphere.
When the IMF has nnorthward orientation, parallel to that of the Earth’s ficld, little energy is transferred. Dungey

(1961) was the first 1o suggest that magnetic reconnection at the magnetopause is the prineipal mechamsm for
energy ransfer when the INEF s southward.

While there wax at the tine indirect evidenee of the salidity of Dungey s 1961 hy pothesis, the lirst convineineg i
atu measurements of reconnection at the magnetopause came much later, after the liinch of the ISEE spacecraft in
7T ISEE plasma and magnene fi bl measuretents revealed that the time independent tangennal stress balanee
expected e a rotational discontinuty sometimes appeiars 1o hold across the magnetopanse. consistent with quasi-
steady state reconnection i Paschmann ot al VT, Sonnerup o al, ST Bt even under Fivorable conditions
these steady recontieetion sigiaturees were ot alwiays observed, evedenthy reconneetion occues sporadieally

Haerended ot al 19780 noted evidenes i the HPPOS 2 data that peconneetion can oeenr al the ugh Laatude
magnetopanne ina spatialy and tomporally inted manner Bussedl and PVlphac (19780 suggested that unpaisgve
reenninection can acenr ac the low iitade maghetopanse, based on ISEE observations of isolated b large seade
dturbanees of the magnene field, plasma and energetie partiecls coviconment at and near the magnetopasse
These disturbanees are brief 11 2 mnmitesy and separatea by oo bnger perrad of quiet oovpieally s nmnntes)
What Ruseedl and Viphoe (1978] sugeested, an etfeet, wan amagnetopause b to solar Hares PBecanse of there
episoedie nature and theie assooianion with enlianeed conveetive plasime fow they were dubibead ey tnansfer exems
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Farrngia er al. 1S and Sennernp 10ss have recently roviewed, o st iveiv, the otservations amd theoreneal
mnterpretation of FTEs. Our gal Lere s 1o present ohservations 1 FULs and 1o compaee winh the varions
hypotheses put forward 1o explion those cimesvations o parneuiar we wish to test wivether o0 not FTEs are
wruaily magnene tlux ropes. as some of the theories susgest

L vhie prowress swos shiadl visie the questuon of whetler
or not FTEs have anvihing 1o Jdo with reconnection ar il

Sl ey Las eXpLuned as lers sgrface waves on
the magne.opause” We shall brietly review magnetie, asma and encrgete partiele behiavior m FTEs, and then
-1scuss sone of the hypotheses put Lorward 1o expian that behavoor

1L OBSERVATIONS

Magnetae Field Signature

FTEs were fiest wdentitied by fusseii ana Llphae 19780 as o parteaiar signature o the magnene field near
the magnetopause. Examples of this sienatuee can te seen e Fianre bomagoene tieid Jara near 2 magoetopanse
crossing on 21 October, 1981, The datasiiowp span the period 1200060 15310 0T darine which the ISEEF spaceeraft
passed {rom the magnetosphere ito the maenetoshieath. The magnetopanse crossine s ar thout 1247 UL The
data have heen cast into a coordinate systentardered with respeet 1o the magneropause surtaee: the N component
v normal to that surtace, while the Locomponent lies in the slane of the magnetopause surface and s direered
northwarnd, the M ocomponent compietes the nght-handed LMN -er I the magnetopause were a0 sumple one-
Aumensional current sheet, the fichd worid chanee oniy mthe piane of the careent shieet ce Conly mothe Loaned
Sanponents

Figure | shows that field vamiatons are not contined to the magnetopause plme. Indesd, large vanations i
the N component indicate that the houndary s disturbed, or Hlamentary surcents are present, or both, Some of
these events are demarcated by hatehed lines, The most striking teature s the tendency for these By vanations
to be bipolar and to occur at =ather reguiare intervals of about every six nnnutes. Fhe bipolarity i alinost withou
excepticn a positive followed by negative vanation. These By vanatons are often accompanied by an increase
in the tield strength, amd by changes in By and By away from either the magnetosphene or magnetosheath

ortentation.  These three-dimensional magnene ficlkd vanatons idicate a iocalized breakdown i the planar
structuee of the magnetopause

I'he persstence of the + /- lapolar 2y signature in both the magnetospherie and magnetosheath FTES m Figure
Vahieates vhat the field i both loeavons hepdr first away from the plane of the magnetopause, then toward
it Thas s the expeered signature of a paserig babble’ e the magnetopause, or alternatively of a liluneniary
uerent hane m the magnetopanse and adveenng northward. Toas thas very sinature that caused Russeil and
Hphic 1078 10 pepeet suplaee wives as an eaplanation of the FTE plienotenon chat this tapte arises agaim fater)
L inpoiar signatures e Ay have the same o/ sense whether ey are seen qusede the magnetosphers, o
the magnetssheath i order for a0 sueliee wave to produce both signavuees, 1t mast push the magnetopanse
nly mward for magnetospherne FTEs and ondy cntward for maguetosheath TUEs oo that cntward docahieed
itsplacement oF the magnetopause produces no noteeable signature

Phe aimpler explanatwn s that the | 1)
~oacdisturtanes ke o bhister o the honndars

dhistortmg both the somthward maenetosheath and norshward
magnetospher fiekds to produes the characterisie o7 My signature of the blhister were moving northward el a
o snature fmeving to the soarh Rassed and Plphie (1978 progeses] thad o asebated reconmeeted s tabe
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Flphee an Sounthwood D1OST) exinmmed acase whoere spaceeralt at wuiely separateid sites. AMPTE UKS and
ISEE 1 wa 20 were passing through the magnetopause ot rongidy the sane sine RS, wear noon LT and a few
Adegrees above the equator ohserved FTE stienatures a0 the <anne tine as ISET T ana 20 neiar the same joead time

bt seseran @0t the sonth, Phe unpieaton s tnae | UEs triy cngimare near rios eqnator und convect away,
sorth and soutn

One auportant. but not widely appreciated eamuicaton of FTE diservanions s that not all encounters by
~pacecralt with FTEs are equal. Some are grazing joassades, and the v sisnature thien refleets mereiy the loeal
plasma response 1o a passing disturbance on the masnetopause Same, however, most be passages through the
true reconnected magnetie flux, there we must expect the pisma and field stenacures 1o be different from the

grazing cases. 1o order to understand the mnterior structure of an F'TE oS anporeant oo stdy fiest the grazing
S TINECN.

Farrugia of al. "1987a) invesugated the maenene sienatures of geazing FTEsS and showed that they are ap-
proximately consistent with incompressible plasma tlow about an impenetrable exhinder. The +/- By vanation
corresponds to the deflecton of plisma out of the way of the approacline evlinder, winle the 3 and By vana-
tons follow from the drapmg of field over the evimder and the plisma flow around 1. Fhis process is illustraced
in Figure 3. adapted from Farmugia o of. 7107 G0 Tor obilique evlinder opentations there s a peak in 8. Con-
sequently the tield strength maxima so often seen i UTEs do wot necessanly coreespond to the core field of a
twisted Tux rope structuee, bt eather to the deaping field around the FTE core region, the impenetrable evlinder.
Strictly speaking, these results do not addreess the issue o 0 whan s mstde the core, noe what produced it

A companson 7 predicted and observed magnetie ticld and convective plasma tlow aronnd an FTE is shown
m Figure 1 The prediction i based on the incompressible low ztield assumpuon discussed by Farrugra ot al.
J1987a). T'he data, in boundary normal coordinates, are from an FTE observed by ISEE 1 and 2 while m the
magnetosphere at about 0700 UT on September 3. 1978, The convecuve plasma velocity (ExD/H?) is derived
from electrie and magnetie field measuremewrs (see Daddey et al. [1985)). We have sealed the abgeissa 1o be a
measure of spacecraft tragectory distance in arbiteary units assuming the FTE conveets A a steady speed. Solid
lites denote the hest (it incompressible flow and field solution. while dotted lines denote the data,

I'he magnene tield vanations appear to fiv the model at least qualitatvely, with the 8y signaiure due to the
northward passage of the FUE eyhinder past the spacecraft  The negative/positive/negative variations i Hy
correspond 1o the evhinder being inclined by Hldeg relative to the magnezospherie tield, canted i the direction of
the magnetosheath ficld. As expected for a northward-gong FTE as seen i the magnetospliere, the conveeive
how component Vg oasoim antiphase to the /iy component Likewise, the observed o Vg low s consistent withy
the expected peeonnection low biawed on the external magnetoshearh eld onentaton However, the detanls of
the data are notan agreement with the prediction, suggesting the breakdown of one oF more of our assamptions
Noevertheless, the quahtative agreement of field and low warth the eompe ssible eode] suggests that the notion
of an FTE chatacle an oo conveeting exhinder i« not completely unreasonable

Another aimost brate foree demonsteation of the 1T morphoioey comes from sonultaneons observations ol
the tagnene tields on eitaer sude of the magnetopatise Flis was possible when ISEE T and 2 were an e gres

osd
separiabions o he davsied o 1979 with one spae

‘ralt i the magnetosphere, the other in the magnetosheath
Parvugea ot af - PNTL direussed these alwersanons i detaad Lugures 5 shows the

hserved varstions of the
maghetn beld an the magnetosheath CISFE D and o vhe magnetosphere SERE ) foran b TE a0 LN 1o U

e Nevetber 01T T he dield sectors are shown o the LN plane adone teaneetorees paralle] to che mesg e topangse
ek vwamne, that the FTT s comvecting as a0 whole o 150 ke trome north tocaonthy ithe spaceepatt e
womth o e vpparoer e spaceeratt are separatod by 3500 ki neamad G b g topanpes woth INFL L oqne
o b o By harther north alome Ve 1 odineetieon
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postve [y excursion Linady ISFLE T o sensing the fast vestize 2 os tositine Ay sianatire when ISFE 2 s
throuan s positise 3y maxunum e combamation o8 st P dt soperadion iertad G the G e, one e
roudindary in the north-sonrh aaeects i, gt the piase et s tetween the tao sers o oy so2miuees poeeats:

"hat aostrnerure ok ke an cloneATea Bsler s pesiig 1 e IAR e topiise
fMlasma and P ortiele Qe anons

[he observed FTE magnene tield saration s oot g iseitd secessandy svidenee for eeennnecrs s ilowever, the

sl found
Thatl energetie magnetosplierte wons wepe streanung seng the loeat maenet e magnetie tield m b TEs, away from the

Daserced plasma and partele sienacures within FFEs e consistent with reconnecton Daly o0
Larth Faschmann ot al 19820 Lana that e budk propertes of the FTE plasia are a nuxoure of tenuous. ot
magnetospheric plasma. and the vdense thermal mngwetesneath plasmie Fhey aiso found that the FTE plasma
was sometinies accelerated above the foeai magnetospeatt speea Seadider of alo T84 have peported thar a ne
paraliel electron heat thax s found o one or both edees of naenetsiiearh FTEs they asenbe the signatare 1o
angomy reconnection More recentdy. Shaomsen ot ad JPOSNT reatlinned the view that FTE plasma s a nuxture but
aso found sigmificant modiications to the maguetosneath ciecteon component. parueularly heatig preferentally
parallel ro the field. hey found that the ciectron hear flux coudd e as readily expluned by leakage of 2 aot
magnetospheric component as by heating through recatoection. Sieck of al TVORTY echoed 1his assessment for
the energete wons. Pigure o shows the won anisotropies as oreantzed e by the mereime noded of won eseape and
o by siple leakage theough the boanegars

It s mstructive to view FTE aasma and magnene tield ara vegether. Figuee T shows a pass through the
magnetopause near the nose by AMPTE UKS. the same exanueed by gdphie and Southwood (1IST] The panels
contain won demsity, tmperature, thermal pressure, and veetor thow veloeity, respectively  Phie nottom panels show
magnette fiekd, both fiecll and tlow are e boundary noemal coordmates. UKS s untially me the magnetosphere as
evidenced by the Jow phisima denspty and g temperature: there s acbriel exit to the magnetosheat s between 1359
and 1602 UT. charactenized by hagh densities and low temperatures Plicreatter UKS returns 1o the magnetosphere
but haw two ercounters with bonndary Tayver hke plisma e 1004 and 1608 UT, the satellite does not exit the
magnetosphere campietely uunlk ol U1

Leees are thow barsts throughont the pass, with center tines of 155930, 1601 15, 160430, 1607 15, 1610:30,
WHL00 and 1616 300 T The tiest ewo and the event at 1610 30 U'T aee associated with imagnetopause earrent sheet
cromaligs. ansd mag etlect quang steady reconieetion Flie othiers appear to be associated wirh Lapolar s aratons
m Che My component. aospgnatuee of 'TEs0 Phe magmtude ot the pias i low i each berst s considerably Tareer
than the backeronng magnetoshearh ow speed of 100 st ks A low buarses are associaied weth wn thermal
pressure maxima L wo possible explanations of tloas behasoe aee D) Motons of the magnetopanse, inelndine
andulatt as o smail wanelength surtace waves, carey g reiatively stemdy seate Tast [Low Laver eder the spacecratt,
dvine Cheallusion of temporal burstiess. ©2) Ragina reconnection ows ovenr ewer aovariety of tine seales trom
st steady to pmpnisive B the former only st steaeds reconnes tem s eegquiresd. alone with sartace motion
Ul misenetopanse howeser the arguments indvaneed i the Liat <ection pet tas explanate nom donta e
aeolid jture extdanes Wiy there shonid Loy Ay siganine i soane exepts aned et g ot hers

Lignee s chiows adwersations oo an P UE B ANTPTE URS vkt Croan Bygnbeed o o 190ST e allastranine
awane e piasi featares o o D LE S Tlere <obeeted moments ot the o hstetbntion funeten o deetrgn gy
ntensitees ansd magnete ebd varatpns are shown The daa began o 1088 UL an the maenetosphiere w here
the wen pdastiny bas o comehy 1 ke N temperature et accbonsiey o abogt Lo Y The intensmees of 09
ke ciereens ocomparab e winthin o tetor b T T e ol the meenetie field eracnaly chanees the Hy
Srtgea 0t ke v peeative et ol XU I U] the plaeama ety begies o e pease e Gegaperature to

beecepe aned Phaes tewn s e Do the e esthe o e the B0 N i tnog mitene=ity rises annd the | e\ itensan
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Faken together, e sarneie gt tield chaeaet mstes conpd Yo peear jesd e nsistent withs reconnecten ideanen

et 25 correspotnds Lo Uhie separatrs
cver. amd the ennaneed 205 eV omtensay as o spnnnure o the s ecreen Leat s
~sinuiar * o othat eeporteg Yy soaader 0 DN I s aopoest

H [rphsenis t e -llalllrll'up'l‘ reploq) sdpistde "o oSt end Tux tilae

m 0 the pecanmectpa site,
U e Thal recontec o s st cecurnine
sofleWhere one Beid Goes conmested e ties obaervitien poant itegien b s weinr the core o the peeonnested
tqux tube with weelerated convectne puasin thew w1 an te eeconnerten sites d the magnete tield
i ereniation interpeaate between that of the newnetespiers ol thee oenetosneath Non shown hees s v
streatneg o enerdete hens ot of e g sfiere

Fheres ay bee peasons to doubt that the foambeek or i 10871 T s i Gt a reeonnection event. [0 may
L pothimg meore than a breet exit fean the mogtetospaiers mto the maenetoshiearh winle the [N s porthward
D, Sibeck. prvate comnmmeation, DS ISEE D a2

were 1 the sodar witel at rne nime, aad observid a
jante variable TMF with a strong eenal compnent

Ihese coqpitnems jesdd 1o the sievejopment of upatream waves
which. when processed by the fow siock amed vt v e mahetopanse, may cause prossuee fluctuations
and beundary notions

fPascamann ot al TN potedd that the piasieeam maenets pressires inean U UE often maxinze an the cente
o the event. ey fonnd that tns overpressure - uidd Lo badaneed by the tenmion associated with the Maxwell
stress of leld limes wrapped arommd the core pegen igure @ shows thor results Phis relatiosslup between
senson and mvternal pressare impives tooa the T LE s seil Tadans g entiy, sd b 1o the supposition that an

cant et of the By signature coepespooids tooa leteady vwastesd cnter gield i F UEs "Cowie y 1952, Paschmann
TRV

FIF Oecwrnrnee
We showeq evpdenee evarlier that even quasi-steady state eronnection miay have sonwe itnnsic tume seale for

wrowth and FTEs have been mterpreted as a laghly times dependent reconnection «
steiady reeonnection and FTEs are sdserved cn the same magnetopanse piss

nL. Somnwetimes gquasi-

Are the two seemngly listinet
torms of peconnectiom reinted™ Is there an intrinsee time seale sesociated with the reccanection instalality”!

Hie it porpiedie crenipeenes oo peconnerton svents, aad o particular 1 TFa suggests that the proeess has
some antrinse e scabe e the lpldup ane eelease of feee enerey i the maegnetopause carrent sheet s, there
stiontied e o eelstionship between the enerey released anan FTE and the teee enere Linhdup tie the longer
“he tedap tane the geeater the spered wetiable Loe rewiee, and henee the geeater one enerey e the FTE S Tlis
Drocess soaapeebs B propesesjo sl stoein mecliasts m Che magnetotal, vo te unstesddy low o water drops

trom v acithy Fuleel il even boo e s eenrpenee --l'---|rII|-|||:|m-~ I as i storn, - harasteristie of a hll‘.lll_\' nonhinear
vkl system

Sicwe wish tooesplore the relatinshiup betwesn TTE cpeleasands energy il the acennmbated free energy e
the fast pecdeane Heeanse it as ymipesaabsle vo de termimes the taal cperay comtent of an 1 FTL we st nse
te el ety s s o o wen eelted oeerey ontent
weloaru tergzest by the duratoon of the event
ui b T rraved ot the e spusve,
e =t e Last L

O possilile parameter s sanply FTE <ze.
Lor thas quantiny to beacvalied size parmneter we minst assune tha
Lochaeseterges the tree enerey acommnibated at the magnetopanse, we yse the
Lor ths quantity toche voalied parameter we st assupe that the last T U relensed
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pormai -ireeti o Figare 21 shows mew tis guantay sares with iater U e One s sz i thaepe s 1pen
suREstme fhoe hreer” FTES e fanad aller @ i e enerey coremmnui e tines oed nest - Db ANIPLT T LS
e st r ol The ISP TS

Ui eoppeny, 21
a Fuaures §

cowllictents Lo Ui adaoves Dycls are eprentmial iy 0 Fhepe ape ey prosons Sop e seilter
Hioooure sunpte measures of P LY size 0 enepsy coonenr ad G0 the onnaaey s free eneppy
wenimnaton e are crnde. I s unithely taat gl F IS comveet joat e spacecrzan ot e s une stasend . the
Treeceperg) eummuiateen rate sanes with INIF et soiae windd Ly nane § pssure cianee s \Mopeover e quantiny

Fune Bevween D TES" Sides the G that, o the et 1T was acsmiail cnes intde feee cpersy woas pemove] from
*he tonngary  Thus, alarge FTE cound Gdlow a smail cne 1y 4 sery snort e,

Like unstenny water Jdrops. there siould Le o reintiomsiup tertween the time sinee toe st FTE and the nme
sthwe the st ae before that. This reiationsiip, o sied oF FT steanae atrractor, wouid mot Le abwvious until
lindeeds of housands of FTEsS had Leen observed, and then oniy aeier aimoitely constant external conditions.
In pracuies the exrernal conditions are constantly ~hangig  Fhas, an irnsicaily endogene proeess ithe quas-
pennulie accutnuiation and shedding of free enerey 0 the bounaary s couid be triggered icrecularly by exogenie
{rwesses salar wind pressure pulses, or chanees 1 IMF crientanons A solar wind pressure pulse, for example,
‘wubd paneh an mtiaily stable magnetopanse current sheet, drive o unstable, and produee o biest of seconnecnon,

I"'T'I. MobFLs

Jranstent Kevonnection

Rusaeil ara Flphie » '1978] ongimal explanation for F FEs mvolved apatally and temporally limited reconnecuon
Il a pateh of the inaguetopause were to beconwe unstable 1o recanneenion for a lmited time the remult would be a
Lbundle of reed nneeted Hux Lines threading the magnetopause surface. Che lapolar By variation is the signature of
Jdraping of the surrounding ticlis around the reconnected Hax 1ube, and the mtermediate field vrientation within
the FTE 15 the core field of the thux tube. A unxture of magnetosheath and magnetospherie plasma would be
seen i the cpen flux tube, and that muxed plisma woulld be lowing at a veloeny ditlerent from the background
magnetosheath low  The xenge of the FTE plasia velocity woald Be i approximate agreement with quasi-steady
reconnectin siress balanee. On the other hand, 2 geazing encounter with the reconneeted flux tube woubld not
neceasitrliy sicw such an agreement

Heeanse o *Le relationshap between T anternal pressuee and teasen foeees disenssed aluwe, faschmann ot
i 2N anen Cheaedey 1082 srgned that e B TE magnene fickd st have a twist ke amagnetie flax rope
I this view actieh] aiiened current thowime i the reconnected vabe produces o ne 2z hal ield wloeh helps
el the FTT rabe The eesulting contignration s shown i Figaee 120 Sannders o al 19841 examned T
magnene st ow lickd vanations and fand they cheyed the Walén relation, as would bee expected af the fichl
‘wist were i AVen wave propagating along the FTE lux tube Howeser the sense of wave propagation o the
magnetosplieris side ol an b FE was foomd v be diferent from that on the nngnetoabieat ) sele, Consequently the
Seld twist ¢ not spnpldy o arme frome shear e tae plasia thow on the maegnetosheath ol of the pee
i e

IV o appears that saunders of al were obsasrvme the sisturbanes thw siseussest abone gamely the pertuthed
dow ot piast b the anenshie 1 FE olatacte As barrwgqua o8 ol PONTD poamt ot s approsanately
e mnpresstdsje towsdield pertarbanion aso olins the Walen retaten Neverthelese <unperup 198570 arenes therr
tenpd <tdh Ve el bwest withun the weecnnes 0 FTE taboe Tl teeisd aiigtensd curpent prostoema, the twist s
porateeg Seviee bt of the pagnetosneatn heid et tothe DI b s e tie o the e rescenmes ved iy
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© Near the reconnection site the eld ana pinsma icee estabdisivan the uolow and ontilow ciaractenstes of stealy
Petseliek reconnecton, winle @i feom the reconneets nostte -near @ = N the amnal Hareees copaithemam cureem
siteet s candisturied 1o the mtertedate tegion e fdebd anc prastes andergs areansiton feom state egqutiteraim
o the -isnamne expangwon G 2eometry The transiten ticid s fsaobde ane, md contmns the aeceleeated plasna.
Ongtande Tiee bubdle the amiaent piwma ated mnewene e aee £recnont o he way mea fashion thi s quaiitannvely
vy sttiar toothat desenied By Farugna o Al VST Boe iecmipressibde thow abont acevindneal ohixiacie,

[his rransient smmele X-ane reeonpection seenacio contins anes? -0 the chseeved atrnbates of FTFs ineluding
“ae proper sense of the Ay variton, acceierated piasma ow. cnereenie paricle eseape, amd elestron heat ilux on
Sebd e mapping to the peconnection site Maoreover, the statisticiuly ieternmmed resutts for the sense of energeue
wn anEorropy. the sense of the poiar fy sienatare amd the o pvectnve ow dirrenion that were cuecessiully
expiapen by the Russedd and Fivhae 107N porture ape suil consastent with the updared mieiel.

Uultipie N-Cine Reconnection

cte and Fu (1ON3) advanced an aternatve nechamsi tor ereating 'TEs at the magnetopause. \s Podgorny
ot al TITN had done. they suggested thar muctple X anes aque o teanng mode reconnection: could produee:
magnene =lands av the maenetopause current sheet, Bat Lee and Fu pomnted ont that, if the maenetesheath and
magnetoapiierie tields are not preciseiy anuparlel, the isiamis wiil contam aliekl component along the mland’s
ixis. [he pesuliing overall ticid eonfiguranon »s that of & maenenue flux rope, asollustrated in Frsuee 1L As the
earing dode saturaten. the spueds grow o soie maxinun size il oare eventually conveevn] away down the
danks of the magnetespiiere. and the process begins anew.

Vanatons on the muluple x-hine geconnecction have been avivanead, Crooker T1986) invoked antuparallei merging
1 produer a large singie siand-like structure at low latnudes.  There are also guestions concermng the role of
Kelvin-ll-linholtz in reconnection, Labelle-Hamer et al. {1988] have suggested that the teanng mode may feed off

the K-H intability  There 1 also the possibality vhat the reverse takes place, that strongly sheared reconneetion
Hows could Jdrnve K-

The muitiple x-line seenaro explams the observed magnene ficld vanaions, energetie partiele ansotropy, pliasma
weelrration, the global distiibuten of [y signatures and the episodie oecurrence of FTES. Hlowever the observed
clectron heat flux cignatures of Seudder of al. T1984] may not be consistent with the teanng sland ueture
Multiple x-hnes should produee muitiple beat flux signatuees, some nested within others, As an FTE passes
wross A spacecralr, electron et Huxes both parmlel and anuparailel 1o the tield shondd be ween consecunively
U TE cptron obsepvations do not appear tosuppost this In twt Scaader, 13889 have reeently shown prennmnary
svpdener that on o given maenetopanse pass the magnetosheat | UL eleciron heat Qux s parailel toothe e
twelel, wmide e the wagnetosphieres 1T Es o0 s antiparatlel 0 connemen, this observation cannot be expiamesd by
sl eakage, and 1t s not consistent with mudtpless e reconnecnion Rather o0 g
v line peeannecton

s tooa form of single

Aan s Lo deserpiond cssnthiesis of the muttiple aned sieee s iae pocvares e sipggests that any one s hine
Wit b oartest e benatunnean exvtent oo that along a0 even meenfeaea oat theongh the maenetapanse there
car ne merene site L los s sheown seqemanieaily o m Praaee 15
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the FTE B and By vanare s o0 the same peasons tiat Joarmgut of ol D0sTa) aeserine iz the aminent maane
*oabtiert s and fichd are Goreea eorcninte ot aty U rAave g tagnetspeiise distaehaee

N comvernine
eearina asiatnd. 1 smgien-ime Y abide”

roaosurlete wave diabstort the roaneiary amd foree e surroumnime
sl it e i Uhis Jaress selnds Xilven wive s Lo e 1 RIGLI N O “Uiei [ELARLE EH R L) e vt i s cbanepvesf e

Frus-Chrstansen ot ad, Joess Plphac, 28t Bur as disenssea eatier noorer 1 peoduee P UE sienanires

soth the magnetosheath and magnerespeere, tie suelice dstarbanee must peeteade beoth o the magnetospheer
v Gt e macnetoshearn

Lu o rurther eevelopment o the pressure sise pieie sedeek "Tos® has araned hox suchoadenble-peaked peotru-
<ston may oceur. The pressure pulse, trave g aons the magnetapitise, selds i Gast mode wave abead of it The
JiCTeased total pressure in the e mnge wave sends the eal maeneropanse car of equibibrium: the boundary
must n.ove cutward in response. . nsequently the whoie tran of magnetopise dturiances s lirst an outwarad
moveme 0t of the boundary asgociated with the keadime st mode wave, Sllowea by an inward movement associ-
ated wih the external pressure puise. A spacecratt in the maanetoshearh would sense the —-- By disturbance of
the cutward magneropause protruberense, while spacecratt in the magnetosphere wouid sense the disturbanee
mssociated with the »xternal pressure juise

e ponpdary motoa and perturted] magneue ficlds are shown
~chematicaliv in Figure 14,

Thiepe are a number of upen questions i the pressure patie model, Ope s whether or not there s evidenee for
t [at misde wave abiead of the agnetosneatn pressure pulse signature, In the ISEE Gaa shown i Figure 5. and
ireussed by Farmgea of al. 1N there was no iedieation o atield enhancement m the magnetosphere aheadd
f the magnetosheath By signature  ISEE 2 was wleaily pineed 1o ghserve suel an enbaneement  Instead, the
magnetosphenye fisld maximum was iterred 1o coineide spavally with the one iothe magnetoshearh. Another
Juestion ceters o how the pressuee pulse can canse aceelerated plasma low, asas obwerved. FTEsS are observed 1o
aeenr aitmost exclusively duning southward IMF: pressure pulses have no preferenee tor southward IMF ornentation.

DIsvUssioN

FElements of each of the above seenarios miay occur at the mnenetopause at one tme or another. Fhe question
5 whether any one of them can explam the obseeved sute of FTE atnbutes, If one sueh model ean be singled

ant the question of TE tapology may be suddressed Theee s, however, the possibility that a combmaton o f
these madels may apply

Ihe rrapsient singde 3 hine pretaee appears to beable @0 repradaee the sdqetaded charactorstios and elobal
statisties oF FIEs Inswiditmn 0 ctlers an exprananon e rhe cimersed assoeidion hetween quasesteady and
anppsiye peeanneetion B FEs can boes peaapded as aoveey Targe modalatoon o the recapneeriom rate The nminple
s oithe seenario aiso explams the observed FTLD characteristies, with the possiisle exeeption of electron hean thux
However, <iuee there 1= some quiestion concermne the @i of e eieeteon <signatee, 38 canmot b used o
voclserirunat b between the pwo soeneene noseenares [ thas peture

st ~besuly reropestion paroeerds
Ceotesw s Tl Ll teanng islana

Fimoelv b sepessnre poaee seenaepe Clers an expdanation T the apparentiv gooulsie nataee of | LES Tan
s el nveRe peeoteetion T this o e there s same qiiestion of T e eelepared pinsmma b e 1. weli
is Whether 1 ot the reagriee L crbe wave s absersed o Hee maghetosphere hesy o the magnetoasheath
j pesonre papise U0 the ather g there men bes tipes swnen ©peessree snlse = o e an b L signaaree
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During norrhwara IME there s less total current raned Lower current Jensiev lowing i the noaneropause, and
the boundary may be stable to reconnection even when pressure puises foree 3 to thin,

Finailv. the question of whetiier F'TEs are magnenie Jlux reopes hias not been answered, 1 the maltiple x line
<renario obramns, then FTEs must have a rope-ime sirmeture, Do the rransient smeie x-hie pocture, the nicld
topoloey 1s not that of a rope. However, 11 has certain rope-nnnieking quaidities, Fhe pressure pulsessurface wave
model Joes not alier the magnetopause tield woepoway,

SUMMARY AND CONCLE SONS

In or.ler tou address the question of FTE cngn. <strucrure saind ropology, wee have reviewed their salient observa-
nional features and staustical atrnbtes. In particuiar we have [oeused on theie magnetie, jaasma and ecnergetc
parucle signatures. We have also discussed the vecurrence of FTEs their quasi-peniodic narure and how thau
might be a clue to their crigin. Finaily we iave scussed three Lasie hypotheses put forward to explaie the
physics of FTEs.

The magnetic signature of FTEs mceludes o aistiwetive Lipolar signature o the component normal 10 the
magnetopause surtace. Roughly. the direct 1 /-1 signature 1s lound north of the equator. while the reverse 1-/4)
is found to the south. The same sense 15 found nside as outsiie the magnetosphere, and the direct signature
sorresponds 0 nothward-goine plasma. the reverse 1o southward. There me other feld vanations which suegest
that ar least some FTE signatures are due to grazing encounters with the FTE obstacle and de not correspond to
passage through the reconnected flux tube at all. Consequently che field strength maxima often observed in FTEs
can be ascribed to the draping or disturbance ticld around the FTE obstacle. Observatious of FTE flields when
1wo spacecrafl are on either side of the magnetopause strongly snegest that the FTE obstacle is a bubble-like

structure (as opnosed to a single indentation of the boundary). FTE; are found to occur preferenually when the
local magnetosh :ath fieid has a southward orientation.

Plasima and particle ohservations tend to support the reconnection picture of FTEs. The combination of
accelerated plasmna ilows. rnergetic particle anisotropies coasistent with the emptying of a newly opened magnetic
flux tube. and the mixture of magnetavheath and maguetospheric plasmas all point to a reconnection-related
phenomenon. The observation of electron heat {flux at the vuter edge of magnetosheath F'I'Es may also support
this interpretation. though the heat flux may just be magnetspheric leakage. (“ases where no plasma aceeleration
18 observed may correspond to grazing encounters with the reconnected flux tube. Finally, the observational
agreement hetween the 1otal (thermal and magneticr pressure maxima within F'TEs aud the inferred external
magnetic tenston i the By lield somponent points 1o a localized. sell-pressure-balaneg enuty.

FTLs were first mterpreted as a spatally and temporally-hinuted forin of reconnection each I'T'E a0 single
tlux tube connecting magnetosheath and magnetespierie tields.  More recently it has hecome elear thae FTE
signavures ean arse siuply from the sudden and extreme wodulation of the reconneetion rate ar a single x-line;
there 1= no reason why they should be inited in lengiowdinai extent. Muluple reconneetion sites ean also preduce
a lux rope Yorm of tearing island having the attrnibutes of an FTE. There are few convineng ways to discrimumate
Lestwesns the two forins of reconnection. AU present the Lest hope s 1o use electron heat llux observations: hut even
this is possibly ambiguous. Though surtace waves were mitially rejecred i an explananon for FTEs prossure
patlse-drven bounidary motion has recently been advaneed as aomeans of produeing an FUE-Dike signature. At
i this view anplies that not all By apodar sienatires are due to transient reconneetion

I'TE charactenistes, taken together, stronely suegest o peconuest; gy-related orpgimn Hlowever, sinee FTEF ulent
eatienn s based Lareely onc the Ay magnete signature. s posstbie to lind many cases lackimz one or more of the
dher | TT charaetensties Tor exampie, i erazime cneoanter itle or no plasma aeceleration woubd be observed,
Dy thee s token Ay sienature caused by oo sobae wined peessare: palse will probably or be aecompanied by
dhier s aracter-tes of transeent reconneetnm: b s possible Goopgsidentify 1S

Nevertheless on the e o VPSS pomsessne thee peappsite eoconmes ton Behan oor the evidenes pomits towapd

e s ot reengpies Upon mestated at sorne chiarae terstn ol ey e seade. with oo ecurrenee nterval
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P'ossibly the phenomena F soiar wited pressup pilses aned trausent peeounection ate eelated 0 apesteeun
measurenients reveal a pressure pulse associated Wit every FTE af the magnetopause, this does not necessariiy
mean that FTs are presanre paases. lastemd the paise miay thin the magnetopagse current sheet, estabalizime
1t to reconnection. Fhe reronnection =vent may ke snort-lived or iong, Jdepending on the free-enerpy availlable
the current sheet. Inany raxe oniyv the reanse-nt part of the event causes the FTE siwgnature, The recurrence rate
f reconnection bursts may be externaiv-driven o a funetion of the conpled imagnetapausesionosnshere system.
Future work on 'TEs may reveal that Leanzed reconneetien s ne et by the giobal magnetesphene system.,

Acknowlcdgments  The auther Lonetited from discussions with I Sibeck, VY Sepgeey, [ Biernat, M. Thomsen.
J. Gusling and many other colleagues. He s aratetul 1 Mark Stuth toe AMP UE UKS plastia data, and to Cialy
Cattell for ISEFE electrie field data. The work 10 UCLY wiw supported by NASA grams NAGS-536 and NAGW-
1683: the work a1 LANL was done under the auspaess of the U N Departiment of Energy,

REFERENCES

Berenem, J . and ¢ T Reussetl, Flux teanster »venrs on the tagnetomanses Spaual disteibution and eontrolling
factors. < (ieopays. Res., ~49, 60680, Jusg

Biernac. 1. M F Heyn, aud VS, Semenov, Unsteady Petschek reconnection, 1 Geophys. Res., 102, 3392, 1ONT,

Cowley <. W L. The eauses f converton i the Eacth’s magnetosphere. Rer. (Geophys. Space Phys., 2. 531,
|RLRE

Crooker, N U An evoiution of antiparailel merging. treophys. Res Lot 11, 1063, 108G,

Dailey. R . ¢ A, Cattell. S Mozer and J. Berchem, Eleetrie fields and convertion velocities associated with
Hux reanafer ovemus, Grophys foso Lot 20 S TORS,

Daly W [ ] Willams, ¢ T Kussetl and E Keppier, Particle signatuee of magnets lux teanster events at
*he maenetopanse. J Groplys, s, ofi, 100X TUus],

Daly. P W M AL Saunders. §. P Runbeek, N Sekopke and €0 Russeil. The distpbution of peeonnection

2eometry L B transter ovents using snergetie don, plasma ang magnete datae 7o Gropags Rews 00084
LR

Dunzey J W Literrpuaetars mmepets ticisd aned the auporal zones, Shygs, Ber Jott o6 1T 0]

aphi B0 Multigeaat tservatpie ) the vzt topengse Resuita teom ISFE el ANP T e

0o
LR LY )

jree [ew,

abih R0 vt Dl S ainhwes b Saoitane s messerements - 0 the maen topoose g s transber coents

o Wateis woperatedg sptes s ANIPTT D RS et ISFE L and 200" thvophys dea o2 L3666, 11esT

T ST L D T ST TR B RN Y

H o wiey Ohaepaatpagr s o By rraneder s sent, i
_'"I ' YL}

.
,'--ll [

ae ol s ariweat S W I 0wy Fodd met ow pertarer e
pevenan vttt ovents Theory et e s P L Y



Farruma. (. J.. D. J. Southwood. 8. W. II. {"uwley, . I Rijnbeck, and P2 W Daly. I'wo-resime ilux rransier
evenis, l'lanet. Xpace Sci.. 23, 737, 1URTh

Friis-Chiristiansen. E.. M. A, McHenry, . R Clader and S, Vennerstrom, lonosphierie traveling convection vortees
observed near the polar cleft: A triggered response 1o sudden chiinges i the solar wind, Geophys, Res. Lotl.,
13,253, 1U8R.

Haerendel. ti.. G, Paschmann. N. Sckopke. I1. Rosenbauer awd I €. Hedgecock. The frontaude boundary layer of
the magnetosphere and the problemn ol reconnection, /. Geopuys. fos.. a0 5105, [OTR,

Kan. J. R.. A theory of patchy and internuttent reeonnections for magnetospherie lux transter events, / (feophys,
Res.. 41,5613, 1988,

Labelle-Hamer. A. L.. Z. F. Fu. and L. (", Lee. A mechansm for patehy reconneetion an the dayside magnetopause,
(irophys. Res. Ledt., 15, 152, 1UKR,

Lee. L. ¢ and Z. F. Fu. A theory of magnete tlux transter at the eacth’s magnetopause, (Geophys. Res. Letl.,
12,103, 1985,

Lundin. t.. I'rocesses in the magnetospheric houndary layer. Physica Serapta, L8, K5, 1ONT.

Paschmann. G.. 3. U. Q. Sonnerup. [. Papamastorakis. N. Sckophe, G. Haerendel, S, J. Bame. ] R, Asbridge,
J. T. Gosiing, C. T. Russell and R. ', Elphic. Plasma acceleration at the earth’s magnetopaase: Evidenee for
reconnection. Nalure, 282 213, 1U79.

Paschmann. (.. (i. llaerendel. I. Prpamastorakis. N. Sckopke, S. J. Bame, J. T. Gosling and €. T, Russell,
Plasma and magnetic field characteristics of magnetic flux transfer events, J. Geophys. Res.. ¥7. 2139, 1982,

Podgorny. [. M., E. M. Dubinin. and Yu. N Potanin, On magnetic curl in front of the magnetosphere boundary,
GGeophys. Res. [otl., 7, 247, 1980).

Rijnbeek. B P SOW UL Cowley, D, J. Souchwood and T, Russell. A survey of dayside flux transfer events
observed by ISEE ! and 2 magnetometers, / Geophys. ltea., 89, 786, 10841,

Rinbeek. BP0 J, Farruma, D J. Southwood, MW, Dunlap. W A € Mier Jedrzejowiez, ¢ P Chaloner,

DS Hall and M F Smath. A\ magnetie boundary signature withan flax transter exems, Planet. Spaee Sew,
RAYEI K.1)

Russeil. ¢ T L and . C Elphie, Tnital ISEF macnetometer results: Magnetopause obsepvanions, Space Ser Rer
ALY I K

Saunders N AL O T Russell and N Sekophe, Plux teansfer events Seale size and intenior structure Goophys
Res dett 11 L3i, 1R

Sehioder M AMagnenie Hux transler av thoe magnetopsase: bivesdd on single N he sty teeopmeeton, ¢eophys
fles Lot 15 29, [UKK

Sewdeder b DWW O and €1 Russedl, The relation of (lax transber events t pnegnetie resontiection
m Magnene Keeonneetion in Space and [ aboyatary PMlasmas, Goophys Vonogr Ser vl 30 vl By |
Moties Jr pp D3 100 Waslungton 0 0 sy

<cueleior b D D xperunenval diferenteaiteen ot maenetn tpodoer - near e N i

s o et
b tpev s Lians V] d B s



Semenov. V. N.. L. V. Kuhyshkin. M. I'. Heyn, and H. K. Biernar. Temporal evolution of the conveetive plasma
llow during a reconnection process, Adr. Space Rris.. 5. 171 sy,

Sibeck. . G., K. W. MeEntire, A, T. Y. Lui. R. EL Lopez, S0 ML Krinngs, R DL Decker, LoJ. Zanetn and T, AL

Potemra, Energetic magnetespherie wons at the daysiie magnetopause: leakage or merame™”, L Goophys, Ries.,
92, 12,097, 1987,

Sibeck. D, GL WL Baumgohann, R. C. Elplae. . H. Paetiebl, J. F. Fennell, W B Gail. Lo J Lanzerotn, R.E.
Lopez, Il Liihr, A. T. Y. Lui. . § Maclennan. R. W. McEnure. I AL Potemiea, T

. J. Rusenberg and K.
Takahashi. The magnetospheric response 1o X-minute pertod strong-amplitude upstream pressure varnatons, J.
tieophya. Rea.. 924, 2505, 198Y.

Sibeck. D. G.. The jonesphenie »ciponse o solar wind (hynanue pressure vanatons, vaibstract) FOS Trans, A G,
70, A0OR, 198,

Sonnerup. B. U. (), On the stress halance in hux veansier events, /. Geophyy Rea., 92 NG5 18T

Sonnerup. . U. O.. Experimental tests of I"TE theories, Adr. Space Rea., 8, 263, 18K,
sonnerup, B U O . (. Maschmann. [. PPapamastorakis, N. Sckopke, (i Hacrendel S, 1. Banee, J R, Aabridee,

J. 1 Guehing and ¢ T, Russell. Evideaee for magnene lichl reconnection at the Earth’s magnetopanse, /.
Geophys. Res.. s, 10,049, 1081,

Southwoad. D. J.. ', J. Farrugia and M. A. Saunders, What are tlux transfer evems?, Planet. Sparce Ser.. 6.
503, 1984,

Thomsen, M. F.. J. A, Stansberey, 8. ). Bame, 8. AL Fuselier and J. T Gosling, Llon and electron velority
distnbutions within ux vranster events, /. Grophys. Res., 90 11127, (D87,

Figure Captions
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Adirert coanes G the porth and dawnwared. while the reverse cases are fonned e the sont e agol slashward  Tlos resnlt
unphes that direet 1 FES represent northward gome 1econneeted flax tabes amd pevepse | 1L omthwand some
Hux tubes Moreover the distritbntion of direet and eeoverse sgpctares s the saee whether the FLE oobsegved
i the magpetosphere of i Che magnetosheath  The meeet <liows e aneadar lostogragn of LU cecgepenee as a
tuie veen U INHE cemtatwan 11 e obmeepsed ps e ntiall solien the INHE 1 amthiwand
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Fig. . campanson of the total overpressure e TEs versus Che mteresd iaane e tenoton dee o the presenee
o an asimuthal ticld component. represented by the abseeved By sienatore. Fhese resatts, Svom Paschmann ot
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